Large dams have provided extensive benefits during the past 60 years but have also resulted in ecological and social consequences that were unexpected or were deemed to have a lower societal importance than the design benefits. The management of large dams is still a relatively new scientific issue, compared to the timeframe necessary to detect and understand all the consequences occurring at the watershed scale. This paper summarizes the unforeseen or unanticipated environmental consequences of these projects and potential ramifications to the overall project performance. The value of a central knowledge base and the importance of a system-wide monitoring program to assess pre-and post-implementation conditions and adapt operational rules are presented. Knowledge developed in several basins is reviewed in the context of future strategies for Chile. Chile has a strong economy, looming energy crisis and is faced with balancing the long-term value of a renowned natural landscape with unique ecology and the largest salmon aquaculture industry in the world against the prospect of low cost hydropower to drive other sectors of the economy. This paper outlines the hydroinformatics technologies and scientifically based management approaches that can be applied to this complex issue.
† Are damages to the ecosystem, particularly biodiversity loss, worth the benefits for prevailing societal priorities? † Are the forced changes to the way of life of indigenous people worth the benefits? † Are the lessons learned from earlier large dam impacts (from within the region and globally) being systematically included in the design and operation of new projects?
In developed countries, the latter three issues are compounded by the paradigm shift in public perception and values associated with environmental issues, particularly as free-flowing rivers have become very scarce. These changing values are gradually being reflected in laws and policies enacted by government agencies. Few new large dams are likely to be constructed in the "developed" countries partly due to the few remaining suitable locations and due to the prevailing societal priorities. Emphasis is being placed on quantifying the effects of existing dams, and operating or retrofitting them in a way to mitigate adverse impacts (Collier et al. 1996) .
BALANCING SUSTAINABILITY WITH IMMEDIATE NATIONAL ECONOMIC DEVELOPMENT
The potential for conflict in water management has been well documented (for example, in the US, Reisner 1993; Poff et al. 2003) . Management approaches to minimize conflict and engage communities such as adaptive management have been discussed extensively in the literature (Peterman & Routledge 1983; Milliman et al. 1987; McCubbing & Ward 1997; Ward et al. 2003) . Furthermore, the need for comprehensive watershed level assessment has become apparent (Independent Scientific Group 1996; Independent Scientific Review Panel 1999; Northwest Power Planning Council 2000) . Expenditure for restoration activities to mitigate adverse impacts of large dams runs into the hundreds of millions of dollars per year in the Western
States, but this is insufficient to begin to address all the different needs. Despite some success, the effectiveness of these mitigation funds has been questioned, for example by Bash & Ryan (2002) and the GAO Review (2002) . An overview of the effectiveness of river restoration in the US is detailed in Palmer et al. (2005) and Bernhardt et al. (2005) .
In developing countries, where abundant locations for potential large dams still exist, the emphasis should be on understanding the river systems and the full societal context as a part of attempting to design construction projects. This strategy would avoid many of the negative consequences experienced elsewhere, instead of repeating the mistakes from the past. This repetition is sometimes justified through "cost effectiveness" of short-term benefits without regard to the sustainability of the operation. These issues are explored through the regional case of Southern Chile. Chile and Southern Argentina have some of the most pristine river systems in the world with high levels of endemism. Often, very little is known about the hydrology and ecology of these systems, but they are also some of the rivers undergoing the most rapid change due to human activities. For example most of the hydropower potential in Chile is based in the south (Regions VII -XII) and preliminary proposals to develop some of these basins are already being prepared.
Adaptive management (Walters 1986 ) could be a mechanism for achieving watershed development together with preservation and protection of its ecosystems without burdening future generations with massive mitigation or restoration costs as experienced by Europe and North America. Conversely, Chile could assist more developed regions by developing an understanding of the degree of control it is possible to impose on rates of change within ecosystems at the opposite end of the development spectrum.
The structure and functioning of river ecosystems, particularly in the Northern Hemisphere and partly also in Africa and Australia, have been well investigated (e.g. Allan 1995; Petts & Calow 1996) . However, by comparison scant attention has been paid so far to the ecological and geomorphic features of rivers from ecoregions west of the Andes which feature steep slopes, short river lengths, especially of the lower river sectors, volcanic influences, large seasonability in flows and sediment loads (Restrepo & Kjerfve 2000) , well-marked transitions from rhithral to potamal conditions and highly dynamic behavior (e.g. Magaritz et al. 1989; Ruiz & Berra 1994; Focardi et al. 1996) . Limited work has been done on the plankton ecology, taxonomy and distribution of aquatic biota , Parra et al. 1993 Valdovinos et al. 1993) , sediment characterization (Cisternas 1993) , hydrology and water quality (Gonzá lez et al. 1999) .
One of the most significant watersheds in Chile is the Biobío (Figure 1 ). Little is known about the ecological and subsequent socioeconomic effects of the unrestricted use of water from Laja Lake, Laja River and Biobío River on the functions of the river ecosystem. It can be assumed that on a spatio-temporal scale, the man-made fluctuations of water inflow into the Laja and Biobío Rivers from the hydroelectric power stations as well as the seasonal river water withdrawals for irrigation are the main factors affecting the rivers' ecology. These fluctuations often lead to extreme environmental conditions (e.g. short-term water level fluctuations) with a strong perturbation pulse and disturbance regime (Junk et al. 1989; Townsend & Riley 1999) .
High water and peak flows have varied with farreaching effects on the physiochemical and biological state and processes within the rivers. Due to the inclusion of flood plains and terrestrial areas, the fraction of allochthonous material entering the system increases (Rice et al. 1990; Eisma 1993) . Low water levels are also a strong perturbation pulse on river ecosystems. The decline of water volume and wetted area, together with the concomitant changes, e.g. temperature, light, changing chemical characteristics, turbulence and flow pattern, decrease in volume-related ecological capabilities (for example, conversions of substances, self-cleansing ability) and ecological stability due to municipal, industrial and agricultural discharges (e.g. Aass & Kraabøl 1999; Bernado & Alves 1999; Karrasch et al. 2001 Karrasch et al. , 2006 , profoundly affect the ecology of the system but have not been adequately quantified in the Biobío and other systems in Chile.
The creation of reservoirs and the withdrawals within the course of a river all have dramatic consequences for the ecology of the river and generate a complex web of impacts, affecting the chemical, physical, biological, and human components of the environment (Petts 1984) . The disruption of a horizontally oriented lotic system by a vertically structured impoundment, cancels out the diversity-enhancing effects of increasing physical and morphological heterogeneity along the river (Tramer & Rogers 1973) . One important feature of reservoirs is the ability to trap and decompose particulate organic matter leading to ecological changes within the canal downstream such as an increase in photosynthetic production due to reduced turbidity. However, reservoirs can also export large numbers of living and moribund plankton organisms, replacing sedimented particulate organic matter (Petts 1984) or may even surpass by far the suspended organic matter compared to the upstream reach of the river (Spence & Hynes 1971) , proving that reservoirs possess individual spectrums of biogeochemical behavior.
The limnological features of a solitary reservoir compared to consecutive reservoirs are quite different and have a far-reaching impact on the whole river system (Straskraba 1990 ). The first reservoir of the reservoir chain is fed by a free river, whereas the subsequent reservoirs mainly receive water which has been physiochemically and biologically processed by the upstream reservoir. The ecological consequences of alternating lotic and lentic ecosystems have yet to be thoroughly investigated.
The fluxes of matter and energy within the aquatic system are mediated by microbes, and their metabolic diversity and activities play a leading role in various biochemical cycles (e.g. Cole et al. 1988; Sherr & Sherr 2000) , as well as enabling most ecological capabilities such as the degradation of organic carbon, nitrogen and phosphorus compounds (microbial self-cleaning power), the elimination or fixation of nitrogen, and the detoxification of harmful substances. Although the damming of rivers has occurred on a large scale, the far-reaching socioeconomic consequences for the microbial conversion of substances, the mediation of material and energy fluxes, the degradation of organic matter and self-purification processes within reservoirs and reservoir series have not yet been well investigated and understood.
Sociopolitical and socio-economical concern for river systems has emerged mainly due to pollution problems, although nowadays there is growing social interest in ecosystem sustainability, on the one hand jeopardized but on the other hand favoured by increasing demand, e.g.
hydropower and irrigation for a rapidly growing population, especially in newly industrialized countries.
Although concepts of sustainable river management and restoration have been published in large numbers for rivers in Europe, Australia and North America, for example Boon et al. (1992) , Harper & Ferguson (1995) , Naiman & Bilby (1998) , Nienhuis et al. (1998), and Brizga & Finlayson (2000) , they are not available in many regions facing intense development such as Patagonia in Chile.
UNFORESEEN ENVIRONMENTAL ISSUES
To understand the flexibility that is required within a management program, some unanticipated responses of large dam projects need to be reviewed. The benefits of large dams in the early stages were relatively easy to quantify.
Hydropower, irrigation and flood storage were analyzed primarily based on a mass balance approach related to timing and delivery of water. Any downside of these projects, if acknowledged at all, was approached from the perspective that every problem had an engineering 'fix'.
Research during the past three decades is just beginning to reveal the true complexities and linkages of watershed ecosystems, and how rivers are affected by dams and impoundments. Fluvial ecology and geomorphology came of age in the 1970s and many consider that the discipline of regulated river ecology started at the First International Symposium on Regulated Streams (Ward & Stanford 1979) .
Before that, the few papers dealing with dam impacts were mostly concerned with specific issues such as anadromous salmonid migration or water quality. Ackermann et al. (1973) and Baxter (1977) provide a compilation of papers and a review of the earlier literature on environmental effects of dams, more focused on the changes caused within the reservoir itself, while Petts (1984) can be considered the first comprehensive textbook on environmental management of impounded rivers.
Environmental effects of dams can be classified by subject themes and/or environmental components: examples include impacts on hydrology, morphology, fish, phytobenthos and also within a hierarchical framework of causality (barrier effects or multiple order impacts), which improves understanding of the complex interactions between factors and scales (Petts 1984) . Acknowledging this extensive body of work, the approach adopted here is based on scale and location, and thus considers downstream, upstream, basinwide, and coastal, as well as global impacts.
DOWNSTREAM IMPACTS
The effects of dams on the flow regime and sediment A less obvious effect is that the decrease in large flooding events can result in a loss of biodiversity. The landforms in a river corridor, and the vegetation able to colonize them, if any, which together provide habitats for aquatic and riparian species, are not fixed in space and time, but change continuously due to their interaction with the river. This shifting habitat mosaic, created by flooding disturbances, is a fundamental component of a healthy river ecosystem (Stanford et al. 2005) . If the rate of physical change within the river corridor is decreased, the river system becomes more homogeneous, as the existing vegetation stands mature and fewer species dominate. The replacement of the original, changing, heterogeneous habitat mosaic by a uniform corridor results in a loss of ecosystem diversity and resilience, because different aquatic and riparian species require a diversity of habitats, with different species and uneven stages of growth.
The ecological impacts of dams show some striking generalities worldwide (Petts 1984; Stanford et al. 1996; Wirth 1997; Schmidt et al. 1998 ):
1. Habitat diversity is substantially reduced. It must be noted that in some cases, productivity can be enhanced by the changes, for example when a highly variable flow regime is regulated into a constant discharge year-round. In this case, a handful of species can reach large population numbers, but this is always matched by a decrease in diversity, due to the extirpation of many other, rarer species, that depended on the temporal variability of the flows, and the associated spatial variability of the habitat, for their survival. with the native cutthroat trout populations (Falter et al. 1979) .
UPSTREAM EFFECTS
Another key issue related to large dams is rooted in conservation biology theory. If the fluvial system is stressed too far by the implementation of large dams, the ecosystem may not be able to recover from major natural perturbations such as droughts, fire, tributary 'blow-outs', or episodic flood events. If there are insufficient stronghold watersheds with robust populations remaining in the system, then these types of natural disturbance could extirpate some species (Rieman et al. 2000) .
BASIN-WIDE EFFECTS
Alteration to the nutrient balance is not solely restricted to downstream reaches. Recent research (Bilby et al. 1996; Cederholm et al. 1999; Soto et al. 2006 ) has demonstrated the role of Pacific salmon and other anadromous salmonids in transporting marine nutrients across ecosystem boundaries, from oceans to headwaters. Fish behavior is also influenced by changes in the hydrologic regime, for example by creating shifts in physical cues that affect the timing of the migration.
COASTAL ZONE EFFECTS
Most regulated rivers diminish or alter the timing of freshwater outflow to bays, estuaries and coastal wetlands with resulting negative impacts (Rozengurt & Haydock 1993) . One well-documented example of additional stresses created by dams and water diversions pushing an ecosystem toward collapse has been documented in San Francisco Bay (Nichols et al. 1986; Williams 1989) 
SENSITIVITY IN COST -BENEFIT ANALYSES
Traditionally, reservoirs have been designed for optimizing the cost-benefit ratio of the project and various methodologies appeared extensively in the literature through the 1970s and 1980s (see, for example, Loucks et al. 1981) . This approach represents a logical and defensible approach to the engineering and economic aspects of the project. These computations were undertaken from the best available flow records, sedimentation predictions, reduction in flood damages, power generation, irrigation deliveries and municipal usage.
However, out of necessity many projects were designed with incomplete or short record data. Very few of these analyses consider a sensitivity analysis that was then verified periodically following implementation.
CHANGING SOCIETAL VALUES DURING THE DESIGN LIFE
A large dam is a massive structure that is not a static fixture in the landscape, but is also capable of dramatically altering the Meier (1992, 1993, 1995) found the Pangue EIA con- 
LEGAL AND PLANNING FRAMEWORK
The implementation of the Pangue project occurred before
Chile enacted environmental laws (the utility had acted on its own initiative when submitting the EIA), and faced with potential energy rationing there was little political will to impede additional energy production.
Things were different for Ralco, as legislation mandating In the last two decades, Chile has experienced strong economic growth, which has been mostly supported by natural resources, where water has played an important role. Water resources development has occurred in a piecemeal way, driven by short-term and local interests. This problem is compounded by the complex water rights law (Bauer 2004) and the fact that at the national level private water rights prevail over all surface waters except in Regions XI and XII.
Sustainable management of water resources to ensure the most efficient use of water, whilst protecting fisheries and the broader ecosystem, requires both private and public sectors collaborate to establish basin-wide organization dealing with water resources planning and management. There is consensus that the Chilean economy will not be able to keep growing at past rates if the current water management problem is not addressed. or diversion schemes that change the hydrological regime or reduce discharges (Leclerc et al. 2003) . Most of the applications have been focusing on fish species, but models to assess benthic habitats or floodplain vegetation habitats have also been developed and applied in a few cases (Jorde 1996) . In general, these integrated modeling tools consist of two major components: a numerical hydrodynamic model, and a habitat suitability model. The habitat suitability model can be anything from a very simple univariate preference function (e.g. Bovee 1982; Jorde 1996) , to more complex models that use, for example, multivariate logistic regression (Guay et al. 2000) , fuzzy logic ( In the past a number of cross sections were usually surveyed and used as "representative" for a reach of river but it has now become more common to survey river reach bathymetry from boats (sonars combined with DGPS) or through remote sensing technologies (e.g. water penetrating LiDAR) and develop 2D hydrodynamic models (Baptist et al. 2006) . By combining the suite of physical parameters at a "location", e.g. a cell of a computational grid, with the habitat suitability criteria mentioned above, the habitat quality of that location can be determined.
Visualization of those results in a spatially distributed manner yields "habitat maps". Hydroinformatics provides the data collection and data analysis as well as computer-based modeling techniques 
ESTABLISHING PERFORMANCE CRITERIA AND EFFECTIVENESS MONITORING
The importance of monitoring after implementation of a dam has been stressed by Collier et al. (1996) . 
